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THE  ROLE  OF  THE  EGF  RECEPTOR  AND  VITAMINS  A  AND  D 
IN  THE  DEVELOPMENT  AND  PROGRESSION  OF  BREAST  CANCER 
TO  MORE  MALIGNANT  HORMONE-INDEPENDENT  PHENOTYPES 


INTRODUCTION 

Despite  the  fact  that  approximately  60%  of  human  breast  cancers  contain  estrogen  receptor 
at  the  time  of  diagnosis,  only  about  two  thirds  of  these  tumors  will  respond  to  anti-estrogen  therapy, 
and  many  of  those  which  do  respond  initially  will  develop  resistence  to  anti-estrogen  therapy  over 
time.  This  progression  to  a  more  malignant  form  of  the  disease  is  often  associated  with  an  increase 
in  substances  known  as  growth  factors  or  growth  factor  receptors  that  provide  the  tumor  with  an 
alternate  signal  telling  the  cells  to  grow.  One  such  growth  factor  receptor  whose  presence  in  breast 
tumors  strongly  correlates  with  poor  clinical  prognosis  and  the  lack  of  response  to  anti-estrogen 
therapy  is  the  epidermal  growth  factor  receptor  (EGFR).  This  overall  goal  of  this  project  is  to 
imderstand  how  vitamins  A  and  D  control  the  level  of  this  growth  factor  receptor  that  is  functionally 
implicated  in  the  development  and  progression  of  breast  cancer. 


BODY 

Research  Accomplishments  (see  attached  manuscript  for  details) 

We  have  investigated  the  effects  of  1,25-dihydroxyvitamin  D3,  analog  C  (which  is  a  vitamin 
D  analog),  9-cis  RA,  and  all-trans  RA  on  the  growth  and  expression  of  EGFR  in  a  panel  of  4  breast 
cancer  cell  lines.  We  have  chosen  these  cell  lines  based  on  their  relative  levels  of  EGFR.  Since 
levels  of  EGFR  and  ER  tend  to  be  inversely  correlated  to  one  another  in  breast  cancer  cells,  the  lines 
we  have  selected  represent  a  good  approximation  of  the  progression  of  breast  cancer  to  a  more 
aggressive,  hormone  independent  phenotype  characterized  by  a  loss  of  ER  and  a  gain  in  EGFR 
expression.  The  magnitude  of  the  growth  inhibitory  effects  that  the  vitamin  D  and  retinoid 
compounds  used  in  this  study  produce  reflect  this  progression  as  those  cell  lines  expressing  the 
lowest  levels  of  EGFR  (MCF7  and  T47D)  had  the  greatest  amount  of  growth  inhibition  while  those 
with  higher  levels  responded  less  significantly  (BT474  and  BT549). 

The  difference  in  the  degree  of  growth  inhibition  produced  by  the  vitamin  D  and  the  retinoid 
compounds  may  also  in  part  be  linked  to  their  relative  levels  of  VDR,  RAR,  and  RXR  expression. 
Specifically,  those  cell  lines  with  the  highest  levels  of  VDR,  RAR,  or  RXR  would  be  predicted  to 
have  the  largest  degree  of  growth  inhibition  in  response  to  vitamin  D,  all  trans  RA,  or  9-cis  RA 
treatment,  respectively.  This  is  especially  recognizable  in  the  case  of  RARa  which  has  an  inverse 
correlation  with  EGFR  and  confers  increased  sensitivity  to  retinoid  inhibition  of  growth  when 
upregulated  in  ER  negative  breast  cancer  cells.  In  terms  of  vitamin  D  mediated  growth  inhibition, 
however,  this  is  not  what  is  observed  as  T47D  and  BT474  cells,  which  have  relatively  equivalent 
levels  of  VDR,  have  quite  different  growth  profiles  when  treated  with  vitamin  D.  An  explanation 
proposed  for  this  variation  in  the  degree  of  growth  inhibition  induced  by  vitamin  D  on  cell  lines  with 
similar  levels  of  VDR  involves  differential  changes  in  the  regulation  of  target  genes  which  mediate 
its  anti-proliferative  effect.  More  specifically,  it  is  speculated  that  vitamin  D  and  retinoids  exert  their 
effects  in  controlling  cell  growth  and  differentiation  through  specific  modulation  of  growth  factor 
receptor  expression. 
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In  order  to  investigate  the  possibility  that  their  growth  inhibitory  effects  may  be  mediated 
by  or  linked  to  a  down-regulation  of  EGFR,  the  expression  of  EGFR  mRNA  was  examined  in 
MCF7,  T47D,  BT474,  and  BT549  cell  lines  after  vitamin  D  and  retinoid  treatments.  The 
observation  of  a  72-hour-sustained  50%  decrease  in  BT549  EGFR  mRNA  observed  within  2  hours 
of  1,25-dihydroxyvitaniin  D3  treatment  allowed  us  to  perform  all  subsequent  experiments  with  60-72 
hour  incubation  times  to  maximize  RNA  and  protein  yields.  By  three  days  of  vitamin  D  and  retinoid 
treatments,  MCF7,  T47D,  and  BT549  cell  lines  demonstrated  EGFR  mRNA  down-regulation  while 
BT474  showed  an  upregulation,  all  in  the  context  of  a  range  of  significant  to  insignificant  growth 
inhibition.  These  changes  in  EGFR  mRNA  levels  were  found  to  translate  into  similarly  altered 
levels  of  EGFR  protein  in  the  cell  membrane  for  vitamin  D,  analog  C,  and  9-cis  RA  treated  BT474 
and  BT549  cell  lines. 

The  above  data  imply  that  growth  inhibition  and  EGFR  down-regulation  by  the  retinoid  and 
vitamin  D  compounds  may  be  related  effects  in  some  breast  cancer  cells,  but  not  in  all.  So  as  to 
better  imderstand  this  issue  of  EGFR  up-  or  down-regulation  in  the  context  of  the  growth  inhibition 
induced  by  the  retinoid  and  vitamin  D  compoimds,  we  felt  it  first  necessary  to  establish  the 
molecular  basis  of  EGFR  regulation  by  the  vitamin  D,  and  subsequently,  retinoid  compoimds  in 
breast  cancer  cells.  In  so  doing  it  is  hoped  that  any  mechanistic  differences  in  the  regulation  of 
EGFR  by  vitamin  D  or  retinoids  will  help  in  understanding  the  biologic  and  prognostic  significance 
of  the  growth  inhibition  they  produce  in  the  cell  lines  examined. 

It  is  generally  accepted  that  vitamin  D  mediated  regulation  of  gene  expression  is  controlled 
at  the  level  of  transcription.  Nevertheless,  in  order  to  rule  out  a  contributing  influence  of  altered 
mRNA  stability,  experiments  were  done  on  the  BT474  and  BT549  cell  lines  designed  to  measure 
EGFR  mRNA  half-life  after  a  3  day  treatment  with  1,25-dihydroxyvitamin  D3.  Plotting  the  average 
decay  of  EGFR  mRNA  over  a  four  hour  period  after  addition  of  the  RNA  synthesis  inhibitor, 
actinomycin  D,  no  significant  difference  was  observed  between  control  (non- vitamin  D  treated)  and 
vitamin  D  treated  decay  curves  for  BT474  cells,  suggesting  that  EGFR  mRNA  half-life  was  not 
altered  by  vitamin  D.  Similar  experiments  that  were  performed  on  the  BT549  cell  line  were 
uninformative  since  the  actinomycin  D  failed  to  generate  mRNA  decay  in  both  control  and  treatment 
groups.  The  prospect  of  performing  the  assay  on  T47D  or  MCF7  cells  remains.  However,  given  the 
low  basal  level  of  EGFR  mRNA  in  these  cell  lines,  the  50-70%  reduction  that  is  caused  by  vitamin 
D  treatment,  combined  with  further  decay  of  the  mRNA  by  actinomycin  D,  the  limit  of  detection  of 
the  assay  would  most  likely  be  exceeded.  Therefore  we  directly  asked  if  the  vitamin  D  effect  on 
EGFR  mRNA  expression  has  a  transcriptional  component  by  employing  a  reporter  gene  construct 
in  transient  transfection  assays. 

The  840  base  pair  portion  of  the  EGFR  promoter  from  20  to  860  nucleotides  upstream  of  the 
translation  start  site  used  in  these  assays  contains  multiple  transcription  start  sites  and  sites  for  the 
binding  of  positive  and  negative  regulatory  factors.  Transient  transfections  of  this  construct  named 
pJFCAT  840  in  MCF7,  T47D,  and  BT549  cell  lines  followed  by  vitamin  D  or  analog  C  treatment 
resulted  in  a  down-regulation  of  CAT  activity  of  similar  magnitude  as  EGFR  mRNA  and  protein  ' 
down-regulation  in  these  same  cell  lines.  Transfection  of  pJFCAT  840  into  BT474  cells 
demonstrated  a  low  basal  level  of  activity  and  a  slight  1.3  fold  induction  in  response  to  vitamin  D. 
The  magnitude  of  this  induction  is  less  than  that  which  was  seen  with  endogenous  EGFR  mRNA  and 
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protein  in  response  to  vitamin  D  treatment.  We  speculate  that  either  difficulties  we  observed  in 
transfecting  the  BT474  cell  line  or  additional  EGFR  sequences  not  represented  within  the  pJFCAT 
840  construct  are  responsible  for  the  blunted  reporter  gene  induction  when  compared  to  endogenous 
mRNA  and  protein  changes.  Both  of  these  possibilities  are  currently  being  explored.  Whatever  the 
case,  the  fact  that  the  BT474  cell  line  demonstrated  an  effect  opposite  that  observed  upon 
transfection  of  pJFCAT  840  into  MCF7,  T47D,  and  BT549  cells  suggests  that  sequences  within  840 
bp  of  the  EGFR  promoter  are  important  for  mediating  EGFR  regulation  by  vitamin  D.  Since  the 
same  portion  of  the  promoter  is  able  to  mediate  different  EGFR  regulatory  responses  that  mimic 
changes  in  endogenous  EGFR  mRNA  and  protein,  it  also  indicates  that  there  are  probably  cell 
specific  factors  involved. 

We  are  currently  delinating  the  minimal  vitamin  D  responsive  region  of  the  EGFR  promoter 
and  characterizing  the  roles  that  the  various  factors  involved  play.  To  this  end,  we  have  identified 
by  sequence  analysis  a  region  of  the  EGFR  promoter  between  nucleotides  53 1  and  5 1 6  upstream  of 
the  translation  start  site  that  bears  strong  resemblance  to  the  consensus  DR3  PuG(G/T)TCA  vitamin 
D  response  element,  as  well  as  known  functional  VDREs  for  the  human  and  rat  osteocalcin  and 
mouse  osteopontin  genes.  We  hypothesize  that  this  region  of  the  EGFR  promoter,  by  the  binding 
of  the  VDR  with  one  or  more  cell  specific  coregulatory  factors,  may  mediate  the  differential  vitamin 
D  regulation  of  EGFR  expression  in  BT474  versus  MCF7,  T47D,  and  BT549  cells.  VDREs  such 
as  this  are  known  to  bind  the  ligand  activated  VDR  as  a  homodimer  or  heterodimer  in  the  context 
of  a  coregulatory  molecule  which  often  tends  to  be  one  of  RXRs.  Receptor  binding  subsequently 
mediates  a  positive  or  negative  transcriptional  response  depending  upon  the  gene  considered  and 
what  other  cell  specific  factors  may  be  involved.  Characterization  of  the  factors  and  mechanisms 
involved  in  breast  cancer  cells  will  potentially  provide  us  with  an  understanding  of  the  varied  effects 
that  vitamin  D  has  on  cell  growth  and  EGFR  expression. 

Training 

This  project  is  providing  Mr.  McGaffin  with  training  in  the  areas  of  gene  regulation  and 
breast  cancer.  He  has  written  one  manuscript  (see  appendix),  and  is  in  the  process  of  writing  his 
thesis  disseratation. 
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APPENDICES 

KEY  RESEARCH  ACCOMPLISHMENTS 

•  1,25-dihydroxyvitamin  Dj,  analog  C  (l,25-(OH)2-16-en-23-yn-26,27-F6-vitamin  D3),  9-cis 
retinoic  acid,  and  all-trans  retinoic  acid  inhibit  the  growth  of  MCF7,  T47D,  and  BT474 
breast  cancer  cells,  not  BT549  cells 

•  Three  days  treatment  with  vitamin  D  or  retinoids  results  in  a  decease  in  EGFR  mRNA  in 
MCF7,  T47D,  and  BT549  cells,  and  an  increase  in  BT474  cells;  EGFR  protein  levels 
correlate  with  mRNA  changes 

•  There  is  no  change  in  EGFR  mRNA  half-life  with  vitamin  D  treatment,  but  reporter 
constructs  indicate  transcriptional  regulation  mediated  through  vitamin  D  responsive 
sequences  in  the  EGFR  promoter 
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Abstract 

Vitamin  D  and  retinoids  mediate  growth  inhibition  and  EGFR  regulation  in  a  variety  of  breast  cancer 
cells.  In  this  study,  the  effect  of  1,25-dihydroxyvitamin  D3,  analog  C  (l,25-(OH)2-16-en-23-yn- 
26,27-F6-vitamin  D3),  9-cis  retinoic  acid,  and  all-trans  retinoic  acid  on  the  growth  and  EGFR 
expression  in  MCF7,  T47D,  BT474,  and  BT549  breast  cancer  cells  was  examined.  Significant 
growth  inhibition  by  all  4  compounds  was  noted  in  MCF7,  T47D,  and  BT474  cells  by  8  days  of 
treatment,  while  BT549  cells  showed  no  significant  growth  inhibition.  A  50%  decrease  in  BT549 
EGFR  mRNA  was  observed  by  2  hours  and  persisted  through  72  horns  post  1,25-dihydroxyvitamin 
D3  treatment.  Three  days  after  administration  of  vitamin  D  or  retinoids,  EGFR  mRNA  showed  a  20- 
70%  reduction  in  MCF7,  T47D,  and  BT549  cells,  while  BT474  cells  demonstrated  a  200-500% 
increase.  EGFR  protein  levels  correlated  with  these  mRNA  changes  in  BT474  and  BT549  cells. 
Measurement  of  mRNA  stability  in  vitamin  D  treated  BT474  cells  indicates  that  there  is  no  change 
in  EGFR  mRNA  half-life.  Transfection  of  an  EGFR  promoter  containing  reporter  plasmid 
demonstrated  vitamin  D  induced  changes  in  reporter  gene  activity  that  parallel  the  changes  observed 
in  EGFR  mRNA  and  protein.  These  results  indicate  that  the  vitamin  D  effect  on  EGFR  expression 
in  breast  cancer  cells  has  a  transcriptional  component  mediated  through  vitamin  D  responsive 
promoter  sequences.  They  also  suggest  that  growth  inhibition  and  EGFR  down-regulation  by 
vitamin  D  and  retinoids  may  be  related  events  in  some  breast  cancer  cells,  but  not  in  all. 
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Introduction 

It  is  hypothesized  that  the  overexpression  of  growth  factors  or  their  receptors  gives  rise  to 
a  population  of  cells  with  a  distinct  growth  advantage  and  tumorigenic  potential  (1).  There  are 
numerous  reports  in  recent  years  implicating  overexpression  of  the  epidermal  growth  factor 
receptor  (EGFR)  in  the  development  of  breast  and  other  neoplasia  (1-6).  In  addition  to  its 
putative  direct  role  in  the  pathogenesis  of  cancer,  high  level  expression  of  EGFR  in  many 
cancerous  sites  has  been  repeatedly  correlated  with  more  malignant  or  advanced  disease,  poor 
prognosis,  and/or  likely  patient  failure  on  endocrine  therapy  with  the  appearance  of  hormone 
independent  growth  (7-12).  One  study  in  particular  (12)  found  only  lymph  node  status  to  be 
more  powerful  than  EGFR  status  in  predicting  disease  outcome.  Given  this,  it  has  been 
suggested  that  EGFR  can  potentially  serve  as  one  in  a  series  of  important  independent  prognostic 
markers  in  terms  of  breast  cancer  treatment  and  survival  (2,6-1 1). 

EGFR  is  a  member  of  the  type  I  family  of  growth  factor  receptors  whose  gene  is  located 
on  chromosome  7pl2  (13)  and  encodes  a  170  kilodalton  transmembrane  glycoprotein  with 
tyrosine  kinase  activity  (14).  The  cytoplasmic  and  transmembrane  domains  have  a  high  degree 
of  homology  to  the  protein  encoded  by  the  avian  erythroblastosis  virus  oncogene,  v-erbB  (15), 
suggesting  that  the  EGFR  gene  corresponds  to  the  human  c-erbB  oncogene.  The  intracellular 
region  of  the  receptor  contains  an  autophosphorylation  site  composed  of  three  tyrosine  residues 
and  a  tyrosine  kinase  domain  (3).  Binding  of  ligand  to  EGFR  (i.e.,  EGF,  TGFa,  amphiregulin, 
etc.)  promotes  dimer  and  oligomer  formation  of  the  receptor  which  is  critical  in  the  regulation  of 
its  tyrosine  kinase  activity  (14).  Autophosphorylation  of  the  receptor,  phosphorylation  of 
intracellular  downstream  effectors,  and  production  and  activation  of  many  of  the  factors  involved 
in  normal  cell  growth  then  takes  place.  Additionally,  activated  EGFR  is  able  to  induce 
production  and  activation  of  nuclear  proto-oncogenes  and  cyclins  whose  amplification  is 
typically  associated  with  dysregulation  of  EGFR  and  enhanced  breast  cancer  proliferation  (5). 

Many  reports  note  an  inverse  correlation  between  the  presence  of  EGFR  and  the  estrogen 
receptor  (ER)  in  human  breast  cancers  (3,16,17).  This  suggests  that  a  complex  series  of 


regulatory  factors  and/or  pathways  are  involved  in  cell-type  specific  levels  of  EGFR  expression. 
Elevated  EGFR  expression  in  breast  cancer  rarely  (3%  or  less  of  all  cases)  results  from  gene 
amplification  or  rearrangement  (16,18),  but  rather  tends  to  be  explained  by  transcriptional 
mechanisms  (6,16,18).  Experimentally,  overexpression  of  EGFR  by  gene  transfection  in 
NIH3T3  cells  leads  to  EGF  dependent  cellular  transformation  (19,20),  and  in  ER  positive  MCF7 
breast  cancer  cells  leads  to  increased  resistance  to  antiestrogen  treatment  (21).  Further,  ectopic 
expression  of  EGFR  in  ZR-75  breast  cancer  cells  induces  hormone  independent  growth  (22). 
These  data  provide  direct  evidence  that  dysregulation  of  EGFR  expression  can  be  a  contributing 
factor  in  breast  cancer  development  and  progression. 

Understanding  ways  in  which  EGFR  expression  can  be  modulated  to  treat  breast  cancer  is 
not  a  novel  idea  (23).  EGFR  levels  have  been  shown  to  be  influenced  by  its  ligands,  EGF  and 
TGFa,  in  both  breast  and  non-breast  cells  (24-26).  However,  EGF  and  TGFa  have  a  stimulatory 
effect  on  cancer  cell  growth  (9,27).  Agents  which  have  been  shown  to  inhibit  the  proliferation  of 
and  incite  differentiation  in  transformed  cell  lines  are  the  retinoid  and  1,25-dihydroxyvitamin  D3 
compounds  (28,29).  Specifically,  1,25-dihydroxyvitamin  D3  and  its  analogs  have  been  shown  to 
induce  apoptosis  in  (30),  inhibit  the  invasive  potential  of  (31),  and  reduce  the  growth  of  (32-38) 
human  breast  cancer  cells  in  vitro.  The  retinoids  have  also  been  reported  to  cause  growth 
inhibition  and  inhibit  carcinogenesis  in  several  breast  cancer  cell  lines  (32,39-42).  Both  groups 
of  compounds  demonstrate  regulation  of  EGFR  expression  in  a  variety  of  cancer  cells  (27,43- 
46).  However,  the  growth  inhibitory  effect  of  these  differentiation  agents  only  corresponds  to  a 
downregulation  of  EGFR  in  select  cell  lines  (44,45).  Some  cancer  cell  lines  demonstrate  an 
opposite  effect  of  EGFR  upregulation  accompanied  by  growth  inhibition  (27,43)  or  stimulation 
(45,46)  depending  upon  the  concentration  of  retinoid  and  1,25-dihydroxyvitamin  D3  compounds 
used  and/or  the  cell  type  considered.  As  the  cited  studies  imply,  only  the  growth  reduction  and 
degree  of  differentiation  that  the  retinoid  and  1,25-dihydroxyvitamin  D3  compounds  produce 
seem  to  be  interrelated,  while  their  effects  on  EGFR  expression  and  cell  proliferation  are  not 
always  associated. 


This  report  documents  the  effect  of  1 ,25-dihydroxyvitamin  D3,  1,25  dihydroxyvitamin 
D3  analog  C  (chemical  name:  l,25-(OH)2-16-en-23-yn-26,27-F6-D3),  9-cis  retinoic  acid  (RA), 
and  all-trans  RA  treatment  on  the  growth  of  MCF7,  T47D,  BT474,  and  BT549  breast  cancer 
cells.  We  also  demonstrate  the  effects  of  these  compounds  on  EGFR  mRNA  and  protein 
expression  and  present  data  indicating  that  this  EGFR'regulatory  effect  has  a  transcriptional 
mechanism  that  is  mediated  by  EGFR  promoter  sequences  containing  a  putative  vitamin  D 
response  element  (VDRE). 


Results 


The  Vitamin  D  and  Retinoid  Compounds  Cause  Growth  Inhibition  in  Select  Cells.  Retinoid 
and  vitamin  D  compounds  are  known  to  exert  their  biologic  effects  in  part  by  binding  to  and 
activating  nuclear  vitamin  D  (VD),  retinoic  acid  (RA),  and  retinoid  X  (RX)  receptors  (47-50). 

The  relative  levels  of  these  receptors  in  the  MCF7,  T47D,  BT474,  and  BT549  breast  cancer  cell 
lines  used  in  this  study,  along  with  their  tissue  source  and  tumor  type,  were  taken  from  various 
published  articles  (34,51,52)  and  summarized  on  table  1.  From  this  an  inverse  correlation 
between  ER  and  EGFR  levels  in  the  different  cell  lines  can  be  seen.  An  inverse  correlation 
between  RARa  and  EGFR  levels  is  also  apparent.  However,  no  other  correlations  among  the 
receptors  could  be  drawn. 

Figure  1  demonstrates  the  chemical  structures  of  the  1 ,25-dihydroxyvitamin  D3,  analog 
C,  9-cis  RA,  and  all  trans  RA  ligands  used.  Analog  C  (l,25-(OH)2-16-en-23-yn-26,27-F6-D3)  is 
a  vitamin  D  analog  with  greater  potency  (as  measured  by  the  ability  to  induce  differentiation  and 
inhibit  cellular  proliferation),  less  toxicity  (as  measured  by  the  ability  to  stimulate  intestinal 
calcium  adsorption  and  bone  calcium  mobilization),  and  greater  affinity  binding  to  the  vitamin  D 
receptor  than  1,25-dihydroxyvitamin  D3  (34,53).  All  ligands  were  used  at  a  final  concentration 
of  1  pM.  This  concentration  was  chosen  based  on  published  dose  response  analyses  for  treatment 
with  vitamin  D  and  retinoid  compounds  (34,44,45,54). 

Figure  2  panel  a  demonstrates  the  results  of  growth  assays  done  with  MCF7,  T47D, 
BT474,  and  BT549  cell  lines  treated  with  1,25-dihydroxyvitamin  D3,  analog  C,  9-cis  RA,  and  all 
trans  RA  for  8  days.  When  compared  to  untreated  control  cells  grown  in  fetal  bovine  serum 
(FBS)  plus  vehicle,  significant  growth  inhibition  was  observed  for  MCF7  and  T47D  cells  treated 
with  any  of  the  4  ligands  by  the  6  day  timepoint.  By  8  days,  the  BT474  cell  line  showed 
significant  growth  inhibition  for  all  4  ligands.  The  BT549  cell  line  showed  no  significant  growth 
inhibition  at  any  point  in  the  assay.  Panel  b  summarizes  the  effect  1,25-dihydroxyvitamin  D3, 
analog  C,  9-cis  RA,  and  all  trans  RA  after  8  days  of  treatment.  It  is  interesting  to  note  that  the 
magnitude  of  growth  inhibition  elicited  by  the  retinoid  and  vitamin  D  compounds  administered 


to  the  MCF7,  T47D,  BT474,  and  BT549  cell  lines  is  inversely  correlated  with  their  relative 
levels  of  EGFR  expression. 

Vitamin  D  and  Retinoids  Can  Regulate  EGFR  Expression.  In  order  to  assess  the 
effect  on  EGFR  expression  after  1,25-dihydroxyvitaniin  D3,  analog  C,  9-cis  RA,  and  all  trans 
RA  treatment,  RNAse  protection  was  employed  to  measure  EGFR  mRNA  levels  in  MCF7, 
T47D,  BT474,  and  BT549  cell  lines.  Shown  in  figure  3  is  quantitated  autoradiographic  data 
from  a  timecourse  experiment  done  using  IpM  1,25-dihydroxyvitamin  D3  and  BT549  cells. 
Demonstrated  is  a  50%  decrease  in  EGFR  mRNA  by  2  hours  of  treatment  which  is  maintained 
through  72  hours.  Data  in  these  and  subsequent  RNAse  protection  experiments  were  corrected 
for  loading  error  by  using  the  internal  RNA  control  36B4  (55). 

Because  the  effect  of  1,25-dihydroxyvitamin  D3  on  BT549  EGFR  mRNA  levels  was 
maximal  by  2  hours  post-treatment  and  sustained  through  72  hours,  all  subsequent  treatments 
were  carried  out  for  60-72  hours  to  maximize  RNA  yields.  Figure  4A  represents  a  typical  series 
of  RNAse  protection  gels  showing  the  1,25-dihydroxyvitamin  D3  effect  on  EGFR  mRNA  levels 
after  3  days  of  1  pM  treatment  when  compared  to  untreated  controls.  Due  to  their  lower 
expression  of  EGFR  mRNA  when  compared  to  BT549  cells,  the  gels  run  for  the  MCF7,  T47D, 
and  BT474  cell  lines  were  exposed  to  film  for  2  weeks,  1  week,  and  4  days,  respectively.  The 
36B4  band,  and  the  EGFR  band  in  BT549  cells,  was  detected  in  all  cells  after  a  6  hour  exposure. 
Consequently,  the  raw  data  for  EGFR  and  36B4  signals  in  the  MCF7,  T47D,  and  BT474  cell 
lines  is  a  representation  of  two  different  exposures.  The  data  shown  in  panel  4A  is  represented  in 
a  histogram  with  similar  data  from  at  least  three  independent  experiments  in  MCF7,  T47D, 
BT474,  and  BT549  cell  lines  using  the  analog  C,  9-cis  RA,  and  all  trans  RA  compounds  (figure 
4B-E).  In  each  case,  a  similar  pattern  of  EGFR  mRNA  expression  was  observed  after  treatment. 
Specifically,  the  MCF7,  T47D,  and  BT549  cell  lines  demonstrated  a  significant  20-70%  decrease 
in  EGFR  mRNA  levels  when  treated  with  any  of  the  ligands  and  compared  to  untreated  controls. 
In  contrast,  the  BT474  cell  line  demonstrated  an  opposite  effect,  with  a  significant  200-500% 


increase  in  EGFR  mRNA  levels  when  treated  with  any  of  the  ligands  and  compared  to  untreated 
controls. 

In  order  to  ascertain  whether  these  effects  on  EGFR  mRNA  levels  translated  into  a 
similar  decrease  or  increase  in  EGFR  protein  depending  upon  the  cell  line,  western  analysis  was 
employed.  BT474  cells,  which  show  an  increase  in  EGFR  mRNA,  and  BT549  cells,  one  of  the 
three  cell  lines  that  show  a  decrease  in  EGFR  mRNA,  were  treated  with  1  pM  1 ,25- 
dihydroxyvitamin  D3  or  IpM  9-cis  RA  for  three  days  and  the  level  of  EGFR  in  their  cell 
membranes  was  assessed.  Figure  5A  shows  representative  autoradiograms  of  western  blotting 
done  with  a  polyclonal  antibody  against  EGFR  and  cell  membrane  protein  isolated  from  the 
BT474  and  BT549  cell  lines  after  1,25-dihydroxyvitamin  D3  treatment.  On  each  film,  a  marker 
lane  and  the  170  kilodalton  EGFR  band  are  indicated.  The  histograms  which  accompany  the 
autoradiograms  in  figure  5  A  are  based  on  the  results  of  data  gained  by  densitometric  scanning  of 
EGFR  immunoblotting  performed  in  at  least  3  independent  experiments.  Demonstrated  is  an 
average  700%  increase  in  EGFR  protein  for  BT474  cells  and  an  average  45%  decrease  in  EGFR 
protein  for  BT549  cells  when  compared  to  untreated  controls.  Figure  5B  shows  graphically  the 
average  results  of  densitometric  scanning  of  autoradiograms  obtained  from  western  blotting 
performed  in  BT474  and  BT549  cell  lines  after  IpM  9-cis  RA  treatment.  Illustrated  here  is  an 
average  250%  increase  in  EGFR  protein  for  BT474  cells  and  an  average  30%  decrease  in  EGFR 
protein  for  BT549  cells  when  compared  to  untreated  controls.  These  changes  in  BT474  and 
BT549  EGFR  protein  levels  after  9-cis  RA,  1,25-dihydroxyvitamin  D3,  or  analog  C  (data  not 
shown)  treatments  parallel  both  the  direction  and  magnitude  of  those  changes  in  EGFR  mRNA 
levels  observed  in  figure  4. 

EGFR  mRNA  Stability  is  Not  Altered  in  the  BT474  Cell  Line.  To  answer  the 
question  of  whether  or  not  the  observed  changes  in  EGFR  mRNA  and  protein  levels  in  response 
to  1,25-dihydroxyvitamin  D3  treatment  are  the  result  of  an  altered  mRNA  half  life,  the  rate  of 
EGFR  mRNA  decay  was  determined  in  BT474  cells  treated  with  IpM  1,25-dihydroxyvitamin 
D3  and  compared  to  that  of  untreated  cells.  After  a  three  day  incubation  with  1  pM  1 ,25- 


dihydroxyvitamin  D3,  BT474  cells  were  treated  with  the  RNA  synthesis  inhibitor  actinomycin  D 
and  RNA  was  isolated  at  times  0,  30, 60, 120,  180,  and  240  minutes  after  actinomycin  D 
administration.  As  the  comparative  control,  a  separate  set  of  BT474  cells  not  pretreated  with 
1,25-dihydroxyvitamin  D3  were  treated  similarly  with  actinomycin  D.  The  results  of  changes  in 
EGFR  mRNA  levels  as  assessed  by  RNAse  protectiomexperiments  done  in  three  independent 
experiments  are  shown  graphically  in  figxore  4.  As  shown,  the  decay  curves  for  EGFR  mRNA  in 
1,25-dihydroxyvitamin  D3  treated  and  untreated  cells  are  nearly  identical,  indicating  that  the 
change  in  EGFR  mRNA  and  protein  in  response  to  1,25-dihydroxyvitamin  D3  treatment  is  not 
explained  by  altered  mRNA  half-life.  Similar  experiments  were  performed  on  the  BT549  cell 
line,  but  were  unsuccessful  at  generating  mRNA  decay  in  control  and  1,25-dihydroxyvitamin  D3 
treated  cells,  suggesting  resistance  to  actinomycin  D. 

840  bp  of  the  EGFR  promoter  mediate  the  1^5-dihydroxyvitamin  D3  response. 
Given  the  observations  concerning  EGFR  mRNA  half  life  in  1,25-dihydroxyvitamin  D3  treated 
versus  untreated  cells,  and  the  increasing  data  in  recent  years  demonstrating  that  genomic 
vitamin  D  responses  are  mediated  though  the  VDR  and  a  corresponding  vitamin  D  response 
element  (47-50),  840  bp  of  the  EGFR  promoter  was  placed  in  the  context  of  the  chloramphenicol 
acetyl-transferase  (CAT)  gene  and  used  in  transient  transfections.  Figure  7A  shows  pJFCAT,  the 
parent  CAT  vector  used  in  transfection  studies.  pJFCAT  has  a  poly  A  trimer  cassette  inserted 
upstream  of  CAT  and  downstream  of  the  plasmid  backbone  so  as  to  block  any  read  through 
transcription  initiated  on  non-specific  vector  sequences  (56).  The  promoter-less  pJFCAT  has 
minimal  activity  when  transfected  into  any  of  the  cell  lines  examined  here,  and  displays  no 
response  to  1,25-dihydroxyvitamin  D3  treatment  when  compared  to  untreated  controls  (data  not 
shown).  Panel  b  of  figure  7  illustrates  the  configuration  of  the  native  EGFR  gene  with  Bglll  and 
Sad  restriction  sites  at  positions  -860  and  -20,  respectively,  relative  to  the  start  of  translation. 
Panel  7C  shows  the  pJFCAT  840  construct  containing  840  bases  of  the  EGFR  promoter  driving 
CAT  gene  expression. 


Figure  8  shows  the  results  of  transient  transfections  of  the  pJFCAT  840  construct  in 
MCF7,  T47D,  and  BT549  cell  lines.  Autoradiograms  are  representative  of  the  results  obtained  in 
three  independent  experiments.  Shown  graphically,  MCF7,  T47D,  and  BT549  cells  transfected 
with  pJFCAT  840  demonstrate  a  significant  (25-50%)  decrease  in  CAT  activity  upon  1,25- 
dihydroxyvitamin  D3  treatment  as  compared  to  CAT  activity  in  untreated  transfected  controls. 
Similar  results  were  obtained  with  analog  C  treatment  (data  not  shown).  This  suggests  that 
sequences  important  for  mediating  the  repressive  1,25-dihydroxyvitamin  D3  effect  in  MCF7, 
T47D,  and  BT549  cells  are  located  within  840  bases  of  the  EGFR  promoter.  In  contrast, 
transfection  of  BT474  cells  with  pJFCAT  840  resulted  in  very  low  basal  activity  and  only  a 
slight  induction  of  that  activity  (1.3  fold)  when  treated  with  1,25-dihydroxyvitamin  D3  (data  not 
shown). 


Discussion 

■  ,25-dihydroxyvitamin  D3,  9-cis  RA,  and  all-trans  RA  have  established  roles  as 
differentiation  and  anti-proliferative  agents  in  many  transformed  cell  lines  (28,29,32,33,35-42). 
Epidemiological  studies  have  shown  an  inverse  correlation  between  annual  average  sunlight 
exposure  and  the  incidence  of  breast  cancer  in  the  United  States,  Canada,  and  the  former  Soviet 
Union  (57-59).  More  specifically,  studies  have  shown  increases  in  the  incidence  and  mortality  of 
breast  cancer  in  North  America  with  increasing  latitude  (58,60).  This  suggests  an  association 
between  the  body's  level  of  vitamin  D  production  and  breast  cancer  occurrence  since  it  is 
estimated  that  sunlight  provides  for  70  or  more  percent  of  the  vitamin  D  present  in  the  blood  of 
Caucasians  (61).  Similarly,  it  has  been  reported  that  low  dietary  or  serum  levels  of  B-carotene 
are  associated  with  increased  risk  of  a  number  of  epithelial  (62,63)  and  breast  cancer  (64) 
malignancies.  Clinically,  it  has  been  shown  that  use  of  a  topical  vitamin  D  analog  to  treat  14 
cutaneous  breast  cancer  metastases  resulted  in  a  50%  decrease  in  the  size  of  3  lesions  (65),  and 
that  those  patients  with  VDR  positive  tumors  have  significantly  longer  disease  free  survival  than 
those  Nvith  receptor  negative  tumors  (66).  Experimentally,  more  than  80%  of  breast  cancer 
specimens  are  VDR  positive  (66)  irrespective  of  ER  status.  The  potential  significance  of  this  has 
been  explored  by  Koga  and  Sutherland  (32)  who  demonstrate  synergistic  antiestrogen  and 
vitamin  D  or  retinoid  inhibition  of  growth  in  T47D  breast  cancer  cells.  Further,  it  implies  that 
those  cells  unresponsive  to  the  growth  inhibitory  effect  of  antiestrogens  may  still  be  responsive 
to  the  anti-proliferative  effects  of  vitamin  D  and/or  retinoid  compoimds. 

In  the  present  study  we  have  investigated  the  effects  of  1,25-dihydroxyvitamin  D3, 
analog  C  (which  is  a  vitamin  D  analog),  9-cis  RA,  and  all-trans  RA  on  the  growth  and  expression 
of  EGFR  in  a  panel  of  4  breast  cancer  cell  lines.  We  have  chosen  these  cell  lines  based  on  their 
relative  levels  of  EGFR.  Since  levels  of  EGFR  and  ER  tend  to  be  inversely  correlated  to  one 
another  in  breast  cancer  cells  (3,16,17),  the  lines  we  have  selected  represent  a  good 
approximation  of  the  progression  of  breast  cancer  to  a  more  aggressive,  hormone  independent 
phenotype  characterized  by  a  loss  of  ER  and  a  gain  in  EGFR  expression.  The  magnitude  of  the 


growth  inhibitory  effects  that  the  vitamin  D  and  retinoid  compoimds  used  in  this  study  produce 
reflect  this  progression  as  those  cell  lines  expressing  the  lowest  levels  of  EGFR  (MCF7  and 
T47D)  had  the  greatest  amoimt  of  growth  inhibition  while  those  with  higher  levels  responded 
less  significantly  (BT474  and  BT549). 

The  difference  in  the  degree  of  growth  inhibition  produced  by  the  vitamin  D  and  the 
retinoid  compoimds  may  also  in  part  be  linked  to  their  relative  levels  of  VDR,  RAR,  and  RXR 
expression  (table  1).  Specifically,  those  cell  lines  with  the  highest  levels  of  VDR,  RAR,  or  RXR 
would  be  predicted  to  have  the  largest  degree  of  growth  inhibition  in  response  to  vitamin  D,  all 
trans  RA,  or  9-cis  RA  treatment,  respectively.  This  is  especially  recognizable  in  the  case  of 
RARa  which  has  an  inverse  correlation  with  EGFR  and  confers  increased  sensitivity  to  retinoid 
inhibition  of  growth  when  upregulated  in  ER  negative  breast  cancer  cells  (67).  In  terms  of 
vitamin  D  mediated  growth  inhibition,  however,  this  is  not  what  is  observed  as  T47D  and  BT474 
cells,  which  have  relatively  equivalent  levels  of  VDR,  have  quite  different  growth  profiles  when 
treated  with  vitamin  D  (figure  2A).  An  explanation  proposed  for  this  variation  in  the  degree  of 
growth  inhibition  induced  by  vitamin  D  on  cell  lines  with  similar  levels  of  VDR  involves 
differential  changes  in  the  regulation  of  target  genes  which  mediate  its  anti-proliferative  effect. 
More  specifically,  it  is  speculated  that  vitamin  D  and  retinoids  exert  their  effects  in  controlling 
cell  groivth  and  differentiation  through  specific  modulation  of  growth  factor  receptor  expression 
(34). 

In  order  to  investigate  the  possibility  that  their  growth  inhibitory  effects  may  be  mediated 
by  or  linked  to  a  down-regulation  of  EGFR,  the  expression  of  EGFR  mRNA  was  examined  in 
MCF7,  T47D,  BT474,  and  BT549  cell  lines  after  vitamin  D  and  retinoid  treatments.  The 
observation  of  a  72-hour-sustained  50%  decrease  in  BT549  EGFR  mRNA  observed  within  2 
hours  of  1,25-dihydroxyvitamin  D3  treatment  allowed  us  to  perform  all  subsequent  experiments 
with  60-72  hour  incubation  times  to  maximize  RNA  and  protein  yields.  By  three  days  of  vitamin 
D  and  retinoid  treatments,  MCF7,  T47D,  and  BT549  cell  lines  demonstrated  EGFR  mRNA 
down-regulation  while  BT474  showed  an  upregulation,  all  in  the  context  of  a  range  of  significant 


to  insignificant  growth  inhibition.  These  changes  in  EGFR  mRNA  levels  were  found  to  translate 
into  similarly  altered  levels  of  EGFR  protein  in  the  cell  membrane  for  vitamin  D,  analog  C,  and 
9-cis  RA  treated  BT474  and  BT549  cell  lines.  Our  present  study,  which  notes  a  decrease  in 
EGFR  mRNA  in  MCF7  and  T47D  cells  in  response  to  vitamin  D  and  analog  treatment,  supports 
the  findings  of  Koga  et.al.  (44)  who  noted  a  decrease  in  [^^SjjegF  binding  to  EGFR  in  MCF7 
and  T47D  cells  after  24  hours  of  vitamin  D  treatment.  They  also  demonstrate  that  this  effect  is 
due  to  a  direct  decrease  in  EGFR  number  on  the  cell  surface  and  not  to  altered  EGFR 
internalization,  degradation,  or  occupancy.  Although  not  shown  here,  changes  in  EGFR  protein 
levels  after  all  trans  RA  treatment  is  hypothesized  to  correlate  with  similar  fluctuations  in  EGFR 
mRNA.  Support  for  this  comes  from  the  results  of  experiments  done  in  the  human  epidermoid 
carcinoma  cell  line  ME180  (45)  and  in  NRK  fibroblast  cells  (46).  These  two  studies  demonstrate 
a  decrease  and  increase,  respectively,  in  both  EGFR  mRNA  and  [^^SjjeqF  binding  after  all 
trans  RA  treatment,  suggesting  that  the  magnitude  and  direction  of  EGFR  mRNA  and  protein 
changes  correlate  with  the  use  of  the  all  trans  RA  ligand  as  well. 

The  above  data  imply  that  growth  inhibition  and  EGFR  down-regulation  by  the  retinoid 
and  vitamin  D  compounds  may  be  related  effects  in  some  breast  cancer  cells,  but  not  in  all. 
Studies  by  Koga  et.al.  (44)  with  MDA-MB-231  breast  cancer  cells  and  Desprez  et.al.  (27)  and 
Falette  et.al.  (43)  with  BT-20  breast  cancer  cells  demonstrated  a  similar  discordance  of  growth 
inhibition  in  the  face  of  EGFR  up-regulation.  In  the  Desprez  et.al.  (27)  report  it  has  been 
suggested  that  the  up-regulation  of  EGFR  mRNA  by  those  differentiation  agents  that  cause 
growth  inhibition  is  restricted  to  undifferentiated  malignant  cell  lines  that  do  not  respond  to  EGF 
by  increased  cell  proliferation  (27).  While  attractive,  this  hypothesis  is  refuted  by  other  studies 
in  our  lab  that  demonstrate  EGF  mediated  growth  stimulation  of  BT474  cells  (68),  which  in  this 
study  show  EGFR  up-regulation  in  the  face  of  vitamin  D  and  retinoid  growth  inhibition.  So  as  to 
better  understand  this  issue  of  EGFR  up-  or  down-regulation  in  the  context  of  the  growth 
inhibition  induced  by  the  retinoid  and  vitamin  D  compounds,  we  felt  it  first  necessary  to 
establish  the  molecular  basis  of  EGFR  regulation  by  the  vitamin  D,  and  subsequently,  retinoid 


compounds  in  breast  cancer  cells.  In  so  doing  it  is  hoped  that  any  mechanistic  differences  in  the 
regulation  of  EGFR  by  vitamin  D  or  retinoids  will  help  in  understanding  the  biologic  and 
prognostic  significance  of  the  growth  inhibition  they  produce  in  the  cell  lines  examined. 

It  is  generally  accepted  that  vitamin  D  mediated  regulation  of  gene  expression  is 
controlled  at  the  level  of  transcription  (69,70).  Additionally,  many  reports  have  suggested  that 
regulation  of  EGFR  by  the  retinoids  and  vitamin  D  compounds  is  mediated  at  the  level  of 
transcription  (43-46).  Further,  it  is  known  that  EGFR  is  most  commonly  regulated  at  the  level  of 
transcription  in  breast  cancer  cells  (6,16,18).  Nevertheless,  in  order  to  rule  out  a  contributing 
influence  of  altered  mRNA  stability,  experiments  were  done  on  the  BT474  and  BT549  cell  lines 
designed  to  measure  EGFR  mRNA  half-life  after  a  3  day  treatment  with  1,25-dihydroxyvitamin 
D3.  Plotting  the  average  decay  of  EGFR  mRNA  over  a  four  hour  period  after  addition  of  the 
RNA  synthesis  inhibitor,  actinomycin  D,  no  significant  difference  was  observed  between  control 
(non-vitamin  D  treated)  and  vitamin  D  treated  decay  curves  for  BT474  cells,  suggesting  that 
EGFR  mRNA  half-life  was  not  altered  by  vitamin  D.  Similar  experiments  that  were  performed 
on  the  BT549  cell  line  were  uninformative  since  the  actinomycin  D  failed  to  generate  mRNA 
decay  in  both  control  and  treatment  groups.  The  prospect  of  performing  the  assay  on  T47D  or 
MCF7  cells  remains.  However,  given  the  low  basal  level  of  EGFR  mRNA  in  these  cell  lines,  the 
50-70%  reduction  that  is  caused  by  vitamin  D  treatment,  combined  vvdth  further  decay  of  the 
mRNA  by  actinomycin  D,  the  limit  of  detection  of  the  assay  would  most  likely  be  exceeded. 
Therefore  we  directly  asked  if  the  vitamin  D  effect  on  EGFR  mRNA  expression  has  a 
transcriptional  component  by  employing  a  reporter  gene  construct  in  transient  transfection 
assays. 

The  840  base  pair  portion  of  the  EGFR  promoter  from  20  to  860  nucleotides  upstream  of 
the  translation  start  site  used  in  these  assays  contains  multiple  transcription  start  sites  (71)  and 
sites  for  the  binding  of  positive  (72,73)  and  negative  (74)  regulatory  factors.  Transient 
transfections  of  this  construct  named  pJFCAT  840  in  MCF7,  T47D,  and  BT549  cell  lines 
followed  by  vitamin  D  or  analog  C  treatment  resulted  in  a  down-regulation  of  CAT  activity  of 


similar  magnitude  as  EGFR  mRNA  and  protein  down-regulation  in  these  same  cell  lines. 
Transfection  of  pJFCAT  840  into  BT474  cells  demonstrated  a  low  basal  level  of  activity  and  a 
slight  1 .3  fold  induction  in  response  to  vitamin  D.  The  magnitude  of  this  induction  is  less  than 
that  which  was  seen  with  endogenous  EGFR  mRNA  and  protein  in  response  to  vitamin  D 
treatment.  We  speculate  that  either  difficulties  we  observed  in  transfecting  the  BT474  cell  line  or 
additional  EGFR  sequences  not  represented  within  the  pJFCAT  840  construct  are  responsible  for 
the  blunted  reporter  gene  induction  when  compared  to  endogenous  mRNA  and  protein  changes. 
Both  of  these  possibilities  are  currently  being  explored.  Whatever  the  case,  the  fact  that  the 
BT474  cell  line  demonstrated  an  effect  opposite  that  observed  upon  transfection  of  pJFCAT  840 
into  MCF7,  T47D,  and  BT549  cells  suggests  that  sequences  within  840  bp  of  the  EGFR 
promoter  are  important  for  mediating  EGFR  regulation  by  vitamin  D.  Since  the  same  portion  of 
the  promoter  is  able  to  mediate  different  EGFR  regulatory  responses  that  mimic  changes  in 
endogenous  EGFR  mRNA  and  protein,  it  also  indicates  that  there  are  probably  cell  specific 
factors  involved. 

We  are  currently  delinating  the  minimal  vitamin  D  responsive  region  of  the  EGFR 
promoter  and  characterizing  the  roles  that  the  various  factors  involved  play.  To  this  end,  we 
have  identified  by  sequence  analysis  a  region  of  the  EGFR  promoter  between  nucleotides  531 
and  516  upstream  of  the  translation  start  site  that  bears  strong  resemblance  to  the  consensus  DR3 
PuG(G/T)TCA  vitamin  D  response  element  (75),  as  well  as  known  functional  VDREs  for  the 
human  (76)  and  rat  (77)  osteocalcin  and  mouse  osteopontin  (78)  genes  (figure  9).  We 
hypothesize  that  this  region  of  the  EGFR  promoter,  by  the  binding  of  the  VDR  with  one  or  more 
cell  specific  coregulatory  factors,  may  mediate  the  differential  vitamin  D  regulation  of  EGFR 
expression  in  BT474  versus  MCF7,  T47D,  and  BT549  cells.  VDREs  such  as  this  are  known  to 
bind  the  ligand  activated  VDR  as  a  homodimer  (79,80)  or  heterodimer  in  the  context  of  a 
coregulatory  molecule  which  often  tends  to  be  one  of  RXRs  (79-81).  Receptor  binding 
subsequently  mediates  a  positive  or  negative  transcriptional  response  depending  upon  the  gene 
considered  and  what  other  cell  specific  factors  may  be  involved.  Characterization  of  the  factors 


and  mechanisms  involved  in  breast  cancer  cells  will  potentially  provide  us  with  an  imderstanding 
of  the  varied  effects  that  vitamin  D  has  on  cell  growth  and  EGFR  expression. 


Materials  and  Methods 


Cell  Culture.  Standard  culture  conditions  consisted  of  Biofluids  IMEM  with  phenol  red 
(cat#105-500)  supplemented  with  10%  heat-inactivated  fetal  bovine  serum,  37°C  humidified 
atmosphere  of  95%  air-5%  CO2,  and  feedings  every  2-4  days.  For  ligand  treatments,  cells  were 
grown  in  T75  flasks  to  70%  confluence  and  treated  with  either  IpM  of  ligand  or  an  equal  volume 
of  vehicle  (100%  ethanol)  under  standard  culture  conditions.  1,25-dihydroxyvitamin  D3  and 
analog  C  were  obtained  from  Drs.  Robert  Buras  and  Moshen  Shabahang  (Georgetown 
University,  Lombardi  Cancer  Center,  Washington,  DC).  9-cis  RA  was  the  kind  gift  of  Dr. 

Robert  Clarke  (Georgetown  University,  Lombardi  Cancer  Center,  Washington,  DC).  All-trans 
RA  was  purchased  from  Sigma  (cat#R2625). 

Growth  Assays.  Growth  assays  were  performed  by  plating  2000  cells/well  of  MCF7, 
T47D,  BT474,  and  BT549  breast  cancer  cells  in  96  well  microtiter  plates  which  were  treated 
with  IpM  of  the  appropriate  ligand  or  equivalent  volume  of  vehicle  (100%  ethanol)  24  hours 
later.  All  treatments  were  done  as  6  replicates  in  phenol  red  IMEM  supplemented  with  10% 

FBS.  Time-points  were  taken  every  2  days  and  extended  out  to  8  days  by  crystal  violet  staining 
of  adherent  cells  for  15  minutes  in  a  solution  of  0.1%  crystal  violet  (Sigma)  and  15%  methanol, 
subsequently  washed  in  distilled  water,  and  allowed  to  air-dry  for  24  hours.  Numerical  results 
were  obtained  on  an  ELISA  reader  at  an  absorbance  of  540  nm  after  solubilization  of  crystal 
violet  stained  cells  in  a  solution  of  0.1  M  sodium  citrate  and  50%  ethanol.  All  absorbance 
readings  were  expressed  as  a  percent  change  relative  to  the  absorbance  obtained  on  day  0.  Data 
was  analyzed  for  statical  significance  from  untreated  replicates. 

RNAse  Protection  Assay.  Cells  were  treated  with  either  ligand  or  vehicle  for  72  hours 
and  total  RNA  was  isolated  by  the  one  step  acid-guanidinium  method  (82).  In  performing  the 
timecourse  on  BT549  cells,  treatments  with  1,25-dihydroxyvitamin  D3  were  carried  out  for  0,  1, 
2,  4,  6,  8,  24,  48,  and  72  hours  followed  by  isolation  of  total  RNA  (82).  60pg  per  sample  of 
RNA  was  then  added  to  in  vitro  synthesized  (83)  EGFR  specific  and  internal  ribosomal  RNA 


control  36B4  (55)  riboprobes  after  denaturation  at  90°C  for  5  minutes.  The  EGFR  template  DNA 
was  from  obtained  from  Dr.  Fran  Kern  (Georgetown  University,  Lombardi  Cancer  Center, 
Washington,  DC),  and  required  linearization  with  PvuII  restriction  endonuclease  and  incubation 
with  SP6  RNA  polymerase.  The  36B4  template  DNA  was  obtained  from  Dr.  Mary  Beth  Martin 
(Georgetown  University,  Lombardi  Cancer  Center,  Washington,  DC),  and  required  linearization 
with  EcoRI  restriction  endonuclease  and  incubation  with  T7  RNA  polymerase.  Following 
incubation  and  hybridization  at  50‘’C  for  16-20  hours,  samples  were  subject  to  RNase  A  digestion 
(60|ig  per  sample)  for  30  minutes  at  room  temperature,  extraction  with  phenolxhloroform, 
ethanol  precipitation,  and  electrophoresis  on  a  6%  denaturing  polyacrylamide  gel.  Gels  were 
subsequently  dried  under  vacuum,  exposed  to  film,  and  bands  quantitated  by  densitometry.  All 
data  was  corrected  for  loading  error  by  comparison  with  the  internal  control  36B4.  Specifically, 
the  determined  optical  density  value  of  EGFR  band  was  divided  by  the  optical  density  value  of 
the  corresponding  36B4  band.  This  EGFR:36B4  density  ratio  for  untreated  cells  in  each 
experiment  was  assigned  a  value  of  100%,  and  the  ratios  of  treated  samples  calculated  as  a 
percent  of  this  control. 

Preparation  of  Membrane  Fractions.  Membrane  fractions  were  prepared  by  washing 
cells  2X  with  ice-cold  IX  PBS  and  harvesting  in  an  ice  cold  solution  of  lOmM  HEPES  pH  7.9, 
ImM  EDTA,  ImM  DTT,  Ipg/ml  leupeptin,  Ipg/ml  aprotinin,  l|ig/ml  pepstatin,  and  lOOpg/ml 
pefabloc.  Cells  were  subsequently  homogenized  on  ice  with  a  Teflon-glass  Potter-Elvehjem 
homogenizer  by  30-40  strokes.  Homogenates  were  centrifuged  at  12000  x  g,  4°C,  for  30  minutes 
to  pellet  the  cell  membranes.  The  pellet  was  resuspended  and  stored  at  -80°C  in  a  solution  of 
25%  glycerol,  lOmM  HEPES  pH  7.9,  ImM  EDTA,  ImM  DTT,  50  mM  KCl,  Ipg/ml  leupeptin, 
Ipg/ml  aprotinin,  Ipg/ml  pepstatin,  and  lOOpg/ml  pefabloc.  Protein  concentrations  were 
determined  by  the  Bradford  assay  (84). 

Western  Blot  Analysis.  Samples  were  electrophoresed  (lOOpg  of  protein  per  sample)  on 
a  7.5%  SDS-polyacrylamide  gel  (85)  along  with  Amersham's  rainbow  markers  (cat#RPN'756) 
and  electro-transferred  (86,87)  to  a  nitrocellulose  (88,89)  membrane.  Membranes  were  stained 


with  Ponceau-S  to  check  for  equal  loading  (90).  The  blot  was  incubated  with  1  qg/ml  of  the 
polyclonal  antibody  #1005  (Santa  Cruz  BioTechnology)  against  EGFR.  Visualization  of  EGFR 
protein  was  done  using  a  1:1000  dilution  of  Amersham's  horse  radish  peroxidase-conjugated 
anti-rabbit  IgG,  Amersham's  ECL  detection  kit,  and  exposing  to  Amersham's  Hyperfilm-ECL 
(91 ,92).  Quantitation  was  performed  by  densitometric  scanning  of  autoradiographs. 

mRNA  Stability  Studies.  For  mRNA  stability  studies,  cells  were  pre-treated  with  1,25- 
dihydroxyvitamin  D3  or  an  equal  volume  of  vehicle  (100%  ethanol)  for  3  days.  Vitamin  D 
treated  and  untreated  cells  were  then  given  the  RNA  synthesis  inhibitor  actinomycin  D  at  a  final 
concentration  of  5pg/ml.  RNA  was  then  isolated  at  times  0, 30, 60, 120,  180,  and  240  minutes 
after  administration  of  actinomycin  D  and  subsequently  analyzed  by  RNAse  protection  as 
described  above. 

Transfections  and  CAT  Assays.  For  each  transfection  of  a  75mm2  dish,  cells  were 
grown  under  standard  culture  conditions  (described  above)  to  70%  confluence.  30  minutes  prior 
to  transfection,  lOpg  of  CsCl  banded  pJFCAT  DNA  was  incubated  with  20pl  of  lipofectamine 
(GIBCO/BRL)  in  1  ml  serum  free  IMEM  at  room  temperature.  2  mis  IMEM  with  10%  FBS  and 
1  ml  serum  free  IMEM  was  then  added  per  reaction  mix,  so  that  the  final  serum  concentration 
was  no  more  than  5%.  Dishes  were  then  incubated  under  standard  conditions  (described  above) 
for  16-20  hours  at  which  time  cells  were  rinsed  2X  with  IX  PBS,  trypsinzed,  pelleted, 
resuspended,  mixed  thoroughly,  and  replated  in  equal  numbers  to  control  for  any  differences  in 
transfection  efficiency  from  one  plate  to  the  next.  Upon  replating,  cells  were  either  given  IMEM 
with  10%  FBS  and  1,25-dihydroxyvitamin  D3  or  analog  C,  or  IMEM  with  10%  FBS  and  an 
equivalent  volume  of  vehicle  (100%  ethanol).  Treatments  were  carried  out  for  48-60  hours  under 
standard  culture  conditions,  followed  by  harvesting.  Cell  pellets  were  lysed  by  freeze/thawing, 
and  the  concentration  of  the  protein  in  the  lysate  determined  by  the  Bradford  assay  (85).  Equal 
amounts  of  protein  (between  100-5 00 pg  depending  upon  the  cell  line  used)  were  then  incubated 
at  37°C  for  2  hours  with  0.125pCi  ^^C-chloramphenicol  and  0.5mM  acetyl  CoA,  followed  by 
extraction  with  ethyl  acetate.  Samples  were  spotted  onto  thin  layer  chromatography  plates,  run 


in  a  95:5  chloroform:methanol  tank,  exposed  to  film,  and  quantitated  by  comparison  of 
phosphorimager  determination  of  percent  conversion  of  chloramphenicol  to  acetylated  forms 
treated  versus  untreated  samples. 
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Fig  1.  Chemical  structures  of  1,25-dihydroxyvitamin  D3,  analog  C  (l,25-(OH)2-16-en- 
23-yn-26,27-F6-vitamin  D3),  9-cis  retinoic  acid  (RA),  and  all-trans  retinoic  acid  (RA). 

Fig  2.  Growth  effects  of  1  ^iM  1,25-dihydroxyvitamin  D3,  analog  C,  9-cis  RA,  and  all- 
trans  RA  in  MCF7,  T47D,  BT474,  and  BT549  breast  cancer  cell  lines.  A,  %  change  in 
growth  of  MCF7,  T47D,  BT474,  and  BT549  breast  cancer  cell  lines  treated  with  l|a.M 
1,25-dihydroxyvitamin  D3,  analog  C,  9-cis  RA,  and  all-trans  RA  as  compared  to 
untreated  fetal  bovine  serum  (FBS)  controls.  Data  is  plotted  over  a  course  of  8  days  with 
each  data  point  representing  the  average  of  6  replicates.  Error  bars  are  the  standard 
deviation  of  the  data.  B,  comparison  of  the  %  change  in  growth  in  the  MCF7,  T47D, 
BT474,  and  BT549  cell  lines  after  8  days  of  IpM  1,25-dihydroxyvitamin  D3,  analog  C, 
9-cis  RA,  and  all-trans  RA  treatment.  Error  bars  represent  the  standard  deviation  of  the 
data. 

Fig  3.  Timecourse  of  EGFR  mRNA  regulation  by  IpM  1,25-dihydroxyvitamin  D3  in 
BT549  cells.  Demonstrated  graphically  is  the  rapid  temporal  onset  of  vitamin  D 
regulation  of  EGFR  mRNA  in  BT549  cells  as  determined  by  denistometric  scanning  of 
data  obtained  in  a  RNAse  protection  analysis  done  on  total  RNA  from  treated  and 
untreated  (time  0)  cells.  Data  was  corrected  for  loading  error  using  the  internal  control 
RNA  36B4  (55). 

Fig  4.  Effect  of  1  pM  1 ,25-dihydroxyvitamin  D3,  analog  C,  9-cis  RA,  and  all-trans  RA 
treatment  on  EGFR  mRNA  expression  in  MCF7,  T47D,  BT474,  and  BT549  breast  cancer 
cells  after  3  days  of  treatment.  A,  representative  autoradiograms  of  RNAse  protection 
analyses  done  on  total  RNA  from  1,25-dihydroxyvitamin  D3  (vit  D)  treated  and  untreated 
(FBS)  MCF7,  T47D,  BT474,  and  BT549  cell  lines.  The  free  and  protected  forms  of  the 
EGFR  and  36B4  probes  are  indicated,  along  with  a  tRNA  control.  The  exposure  time  for 


detection  of  protected  EGFR  and  36B4  signals  in  BT549  cells  was  6  hours.  The  exposure 
time  for  detection  of  protected  36B4  signal  in  MCF7,  T47D,  and  BT474  cells  was  6 
hours.  The  exposure  time  for  detection  of  protected  EGFR  signal  in  MCF7,  T47D,  and 
BT474  cells  was  2  weeks,  1  week,  and  4  days,  respectively.  B-E,  histograms 
demonstrating  the  relative  change  in  EGFR  mRNA  in  BT549  (5),  MCF7  (Q,  T47D  {D) 
and  BT474  {E)  cells  after  3  days  of  1  pM  of  vitamin  D  and  retinoid  treatments  as 
determined  by  densitometric  scanning  of  RNAse  protection  autoradiograms  obtained  in  at 
least  three  independent  experiments.  Data  was  corrected  for  loading  error  using  the 
internal  control  RNA  36B4  (55).  Error  bars  represent  the  standard  deviation  of  the  data. 
Horizontal  dashed  line  indicates  the  100%  activity  level,  (vit  D  ==  1,25-dihydroxyvitamin 
D3;  ana  C=  analog  C;  9-cis  =  9-cis  RA;  and  all-trans  =  all-trans  RA) 

Fig  5.  Effect  of  1  pM  1 ,25-dihydroxyvitamin  D3  and  9-cis  RA  treatment  on  EGFR 
protein  expression  in  BT474  and  BT549  breast  cancer  cells  after  3  days  of  treatment.  A, 
representative  autoradiograms  of  western  analyses  done  on  membrane  protein  from  1,25- 
dihydroxyvitamin  D3  (IpM  D3)  treated  and  untreated  BT474  and  BT549  cells  using  a 
polyclonal  anti-EGFR  antibody.  Arrowheads  indicate  the  170  kd  EGFR  band. 

Alignment  of  Amersham's  rainbow  marker  is  shown  to  the  left  of  the  film.  The 
accompanying  histograms  represent  the  average  change  in  EGFR  protein  in  BT474  and 
BT549  cells  as  determined  by  densitometric  scanning  of  western  autoradiograms  obtained 
in  at  least  three  independent  experiments.  The  error  bars  illustrate  the  standard  deviation 
of  the  data.  B,  histogram  representing  the  average  change  in  EGFR  protein  in  BT474 
and  BT549  cells  after  9-cis  RA  treatment  as  determined  by  densitometric  scanning  of 
western  autoradiograms  obtained  in  at  least  three  independent  experiments.  The  error 
bars  demonstrate  the  standard  deviation  of  the  data. 


Fig  6.  EGFR  mRNA  stability  in  BT474  cells  treated  with  1  |rM  1 ,25-dihydroxyvitamin 
D3  or  equal  volume  of  vehicle  (100%  ethanol)  for  3  days  prior  to  addition  of  actinomycin 
D  at  a  final  concentration  of  5pg/ml.  Data  is  plotted  as  %  EGFR  RNA  remaining  over 
the  course  of  the  assay  and  represents  the  densitometric  scanning  of  RNAse  protection 
autoradiograms  obtained  in  at  least  three  independent  experiments.  Error  bars  represent 
the  standard  deviation  of  the  data. 

Fig  7.  Gene  constructs  used  for  subcloning  and  transient  transfections.  A,  diagram  of  the 
pJFCAT  construct  with  poly  A  trimer  cassette  and  polylinker  regions  indicated.  B,  partial 
restriction  map  and  diagram  of  the  native  EGFR  gene  with  the  first  major  transcription 
start  site  indicated  264  nucleotides  upstream  of  the  translation  start  site.  C,  diagram  of 
the  pJFCAT  construct  after  subcloning  840  nucleotides  of  the  EGFR  promoter  between 
the  Bglll  and  Sad  sites  into  it. 

Fig  8.  Transient  transfections  of  the  EGFR  promoter  containing  pJFCAT  840  construct 
into  MCF7,  T47D,  and  BT549  breast  cancer  cells  followed  by  IpM  1,25- 
dihydroxyvitamin  D3  treatment  for  3  days.  Histograms  represent  the  average  change  in 
pJFCAT  840  reporter  gene  activity  in  response  to  IpM  1,25-dihydroxyvitamin  D3  as 
determined  by  phosphorimaging  of  TLC  plates  generated  in  at  least  three  independent 
experiments.  Representative  autoradiograms  for  each  cell  line  are  shown  below  each 
graph.  Error  bars  represent  the  standard  deviation  of  the  data. 

Fig  9.  Schematic  diagram  of  the  EGFR  promoter  region  contained  within  the  pJFCAT 
840  construct  which  demonstrated  a  vitamin  D  response  in  MCF7,  T47D,  BT474,  and 
BT549  cell  lines.  The  location  of  a  putative  VDRE  within  this  stretch  of  the  EGFR 
promoter  is  indicated  along  with  a  comparison  of  the  sequence  of  the  consensus 


PuG(G/T)TCA  DR3  VDRE  (75),  as  well  as  known  functional  VDREs  from  the  human 
(76)  and  rat  (77)  osteocalcin  and  mouse  osteopontin  (78)  genes. 


Table  1  Relative  Expression  of  EGFR  and  Nuclear  Receptors  in  Breast  Cancer  Cell  Lines.^ 
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Ductal  Carcinoma;  ^pl.  effusion-pleural  effusion.  Relative  levels  of  receptors  are  indicated  by 
the  "+"  and signs.  The  "?"  is  used  where  data  is  conflicting  or  unclear. 
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